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Abstract. A phenomenological systems approach for debates, both in academia and mass media, in the past
identifying potential precursors in multiple signals of two decadesGeller, 1997 Geller et al, 1997 Wyss et al.
different types for the same local seismically active region1997 Uyeda et al. 2009 Cicerone et aJ. 2009. One

is proposed based on the assumption that a large earthquaké the key areas in this field is the study of earthquake
may be preceded by a system reconfiguration (preparatiomprecursors, physical phenomena that reportedly precede at
on different time and space scales. A nonstationarityleast some earthquakes. The precursory signals are usually
factor introduced within the framework of flicker-noise grouped into electromagnetic, hydrological/hydrochemical,
spectroscopy, a statistical physics approach to the analysigasgeochemical, geodetic, and seismiel(er, 1997

of time series, is used as the dimensionless criterion forHartmann and Levy2005 Uyeda et al. 2009 Cicerone
detecting qualitative (precursory) changes within relatively et al, 2009. Electromagnetic precursory signals are further
short time intervals in arbitrary signals. Nonstationarity classified into signals believed to be emitted from within
factors for chlorine-ion concentration variations in the focal zones, such as telluric and magnetic field anomalies,
underground water of two boreholes on the Kamchatkaand radio waves over epicentral regioblyéda et al.2009.
peninsula and geacoustic emissions in a deep borehole withithe localized changes in electric and magnetic fields that
the same seismic zone are studied together in the time frameeportedly accompany some seismic events span a wide
around a large earthquake on 8 October 2001. Itis shown thatange of frequencies, including ULF, VLF, ELF and RF
nonstationarity factor spikes (potential precursors) take placdields, and were observed in the time frame from 2—-3 years
in the interval from 70 to 50 days before the earthquake forto dozens of minutes prior to an earthquakécérone et aJ.

the hydrogeochemical data and at 29 and 6 days in advanc2009 Uyeda et al. 2009. Hydrological/hydrochemical

for the geoacoustic data. precursory signals include water level or quality changes
weeks, days, or hours prior to a number of earthquakes,
groundwater temperature changes, and variations in the
concentrations of dissolved ions like chlorine or magnesium
usually in a time frame of months to days before an
Earthquake prediction within a time frame o_f several mo_nthgggggqgs keet gﬁ r;rgf(;n Ga ggg é_gggezrg?czl Cplr(e:ziruorrs]irye tsgjn als
o less than an ho_ur before the“ catastroprllc event, which i omprise numerous anomalous gas emission observations,
often referred n Ilteratu_re as short—term prediction, has.t e majority of which were reported for the concentration of
been a subject of extensive research studies and controversi don gas in the earttartmann and Levy2005 Cicerone

et al, 2009. More than 100 studies show that changes in
@ Correspondence toru. S. Polyakov radon exhalation from the earth’s crust precede a number
(ypolyakov@uspolyresearch.com) of earthquakes by months, weeks, or da@&érone et aj.
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2009. Geodetic signals mostly include surface deformationsearthquake, anomalous geoacoustic emissions — only days
(tilts, strains, strain rate changes) over distances of tens gprior to the event, and anomalous behavior of animals —
kilometers that precede some major earthquakes by monthsnly hours before the catastrophe. In order to test this
to days Cicerone et a).2009. Seismic precursory signals approach and identify different signals that may be related
encompass foreshocks that typically take place less thato a specific large seismic event, one needs to have a
30 days before the main shock and high-frequency (acoustistandard criterion or a set of standard criteria to detect
emission) and very low-frequency precursory signals thatsignal anomalies in virtually arbitrary signals. In this study,
are not detected by conventional seismographsile and  we will use a nonstationarity factor introduced within the
Jordan 1994 Reasenbergl999 Gordienko et al. 2008 framework of flicker-noise spectroscopy (FNS), a statistical
Gauvrilov et al, 2008. Another promising type of possible physics approach to the analysis of time serf@nashev and
precursory signals is anomalous animal behavior for veryPolyakoy 2007 Timashey 2007 Timashev et aJ.20108h.
short time frames (within 2—-3 days, usually hours) prior to This dimensionless criterion is practically independent from
a large seismic evenK{rschvink, 200Q Yokoi et al, 2003 the individual features of source signals and is designed to
Li et al., 2009. detect abrupt structural changes in the system generating
Despite the large number of earthquake precursorghe signal, which makes it a promising candidate to be
reported in literature, most of which are summarized byone of the standard criteria. The nonstationarity factor was
Hartmann and Levy(2005; Cicerone et al.(2009, an previously used to detect precursors in electrochemical and
International Commission on Earthquake Forecasting fortelluric signals recorded in the Garm area, Tajikistan prior to
Civil Protection concluded on 2 October 2009, “the searchthe large 1984 Dzhirgatal earthquak2eScherevsky et al.
for precursors that are diagnostic of an impending earthquak@003 Vstovsky et al. 2009, geoelectrical signals at station
has not yet produced a successful short-term predictiorGiuliano, Italy prior to several 2002 earthquakd®lésca
scheme” [CEFCPR, 2009. The reports of the International et al, 2004, and ULF geomagnetic data at Guam prior to
Association of Seismology and Physics of the Earth’s Interiorthe large 1993 Guam earthquakéaffakawa and Timashgev
contain similar findings\yss and Booth1997. The lack 2006 Ida et al, 2007). Other approaches to identifying
of confidence can be attributed to several reasons. Firstprecursory features in earthquake- and volcano-related
some fundamental aspects of many non-seismic signals, fosignals, which are based on different nonlinear analysis
example, lithosphere-atmosphere-ionosphere coupling antechniques, were discussedBlesca et al201Q 2009ab);
propagation of high-frequency electromagnetic signals in theTelesca and Lovall009; Telesca et al2008.
conductive earth, are unresolved, and many of the proposed In this study, we consider a combined analysis of two
physical models are questionabl&lygeda et al. 2009. different types of signals, hydrogeochemical (sampling
Second, the experimental data on precursory signals are ofteinequency from 3 to 6 day*) and geoacoustic (sampling fre-
limited to few earthquakes and few measurement sites anduency of 1 min'l), recorded on the Kamchatka peninsula,
they frequently contain gaps and different types of noiseRussia.
(Hartmann and Levy2005 Cicerone et a).2009 Uyeda
et al, 2009. Third, different techniques of identifying the , .
anomalies are used for different signals or even in different Nonstationarity factor
studies for the same signal. In some cases, the anomalo
changes are determined by analyzing the signals themselv
(Hartmann and Levy2005 Uyeda et al. 2009 Cicerone
et al, 2009, while in other cases they are identified by

.studying. the derivgd statistics or functions, such as FiSh%OlOb. The ENS procedures for analyzing original signal
information or scaling parameter$glesca et al.2009ab). V(1), wherer is time, are based on the extraction of

Moreover, seasonal changes and instrumentation or other . . : . .
. : : information contained in autocorrelation function

background noise often need to be filtered out prior to the
identification of precursors. V(@) =(V(OV(E+1)), (1)

In view of the above three problems, we believe that
earthquake precursor research can be advanced by employiigherer is the time lag parameter. The angular brackets in
a phenomenological systems approach to the analysis dElation (1) stand for the averaging over time interZal
signals of different types in the same local geographic region. 1 (772
We assume that a large earthquake may be preceded by @&...)) = —/ (...)dr. 2
system reconfiguration (preparation) on different time and T )12
space scales, which manifests itself in qualitative changes
of various signals within relatively short time intervals.
For example, such anomalous hydrogeochemical signals
may be observed months to weeks before the impending

Lf—s|ere, we will only deal with the basic FNS relations needed
%8 understand the nonstationarity factor. The approach is
described in detail elsewherdifhashey 2006 Timashev
and Polyakoy 2007 Timashey 2007 Timashev et al.

Nat. Hazards Earth Syst. Sci., 11, 5548 2011 www.nat-hazards-earth-syst-sci.net/11/541/2011/



G. V. Ryabinin et al.: Earthquake precursors in the data for the Kamchatka peninsula 543

To extract the information contained iny(t), the Here, J indicates which functiorV;(t) (J =R, F or G) is
following transforms, or “projections”, of this function are used. Expression§{7) are given in discrete form elsewhere
analyzed: cosine transforms (power spectrum estimates)Timashev et a).20104. Note that function@(f)(r) can be

S(f), wheref is the frequency, reliably evaluated only on theinterval of [0, T], which is
T/2 less than half of the averaging intenfaji.e.,a« < 0.5.
s¢h= | VOVt cosr s ®)
-7

and its difference moments (Kolmogorov transient structural3  Experimental data for the Kamchatka peninsula

functions) of the second orddr® (r) .
The data were recorded in the south-eastern part of the

d? (1) :<[V(t) — V(t+1:)]2>. (4) Kamchatka peninsula located in the Russian Far East. The
] o eastern part of the peninsula is one of the most seismically
To analyze the effects of nonstatlor;arlty in real processesgctive regions in the world. The area of highest seismicity
we siudy the dynamics of changesi? (r) for consecutive  |ocalized in the depth range between 0 and 40 km represents
window” intervals [k, 7 +T], wherek =0, 1, 2, 3, and 5 nparrow stripe of land with the length of approximately
tx = kAT, that are shifted within the total time intervalbt 200 km along the east coast of Kamchatka, which is bounded
of experimental time serieg.(+-T < Tiot). Thg time intervals by a deep-sea trench on the ed&dotov et al.1985.
T and AT are chosen based on the physical understanding " gpecialized measurements of underground water charac-
of the problem in view of the suggested characteristic time Ofigristics were started in 1977 to find and study hydrogeo-
the process, which is the most important parameter of systerghemical precursors of Kamchatka earthquakes. Currently,
evolution. The phenomenon of “precursor” occurrence isihe ghservation network includes four stations in the vicinity
assumed to be related to abrupt changes in functidfsr)  of Petropavlosk-Kamchatsky (Fig. 1). The Pinachevo station
when the upper bound of the interval,[1x +T] approaches  incjydes five water reservoirs: four warm springs and one
the time moment, Qf a cgtastrophlc event accompanied by porehole GK-1 with a depth of 1261 m. The Moroznaya
total system reconfiguration on all space scales. station has a single borehole No. 1 with a depth of 600 m.
The analysis of experimental stochastic series oftenthe Khlebozavod station also includes a single borehole G-1
requires the original data to be separated into smoothegit 5 depth of 2540 m, which is located in Petropaviosk-
and fluctuation components. In this study, we apply thexamchatsky. The Verkhnyaya Paratunka station comprises

“relaxation” procedure proposed Gymashev and Vstovskii  tour boreholes (GK-5, GK-44, GK-15, and GK-17) with
(2003 based on the analogy with a finite-difference solution depths in the range of 650 to 1208 m.

of the diffusion equation, which allows one to split the
original signal into low-frequency'x (+) and high-frequency  he measurement of atmospheric pressure and air temper-

V(1) components. The iterative procedure of finding the g¢,re measurement of water discharge and temperature of

new values of the signal at every relaxation step using itsygreholes and springs, collection of water and gas samples
values for the previous step allows one to determine the IoWso, fyrther analysis in laboratory environment. For water
frequency componerig (). The high-frequency component gamples; the following parameters were determined: pH:

V(1) is obtained by subtracting’z(s) from the original o concentrations of chlorine (CJ, bicarbonate (HCQ),
signal. This smoothing algorithm progressively reduces the

local gradients of the “concentration” variables, causing thesggzaje (ch ) sodlu_m (N:%’L Pota53|ur? (t&), callcgm
points in every triplet to come closer to each other. Such( ), and magnesium (Mg); concentrations of boric

- s . : H3BOs3) and silicone (HSiO) acids. For samples of
splitting of the original signalV (¢) into Vg(¢) and Vg(t) ( . . . )
makes it possible to evaluate the nonstationarity factor forgatses F"SZ?'Ved tlhn water, th?t following concentrations are
each of the three functiong; (r) (/ =R, F, or G), where ctermined. metnane (Q_b‘l nitrogen (1y), oxygen (Q),
indexG corresponds to the original signal. carbon dioxide (C@), helium (He), hydrogen (b), hy-

: . : . drocarbon gases: ethanextd), ethylene (GH4), propane
The FN tat ty fact f .
e FNS nonstationarity factd, () is defined as (CsHg), propylene (GHsg), butane (GH1gn), and isobutane

The system of hydrogeochemical observations includes

Crte)=2- Q,f_Pkf L (5) '(C4Hloi). The data are _recorded at 'nonuniform sampling
Q1{+Pkf AT’ mterv_als with one dominant sampling frequency. For_

the Pinachevo, Moroznaya, and Khlebozavod stations, this

1 of 44T average sampling frequency is one measurement per 3 days;

Q,{ = —2/ / (V)= Vst +1))%dtdr , (6) for the Verkhnyaya Paratunka station, one measurement per
af 0 n 6 days. Multiple studies of the hydrogeochemical data and
corresponding seismic activity for the Kamchatka peninsula

1 7 hAT-AT reported anomalous changes in the chemical and/or gas
Pk’ = —2/ / [Vy(@)— Vj(t"r"l,')]zd[d'f. (7) composition of underground waters prior to several large

al 0 b earthquakes in the time frame from 1987 to 20R&gylova
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156'E 160°E 164°E 168°E signal for each channel is proportional to the average value

v of the input signal for one-minute intervals. A more
detailed description of geoacoustic emission observations
and experimental setup for the G-1 borehole is presented
elsewhereGavrilov et al, 2008.
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FEQ 1.06.1998, MI=6.2 station) and geoacoustic emissions at the output of geophone
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=6.6

52°N N #
\© ? S B0 2.03.1992, MI=6.6 160Hz (Z160) in G-1 (Khlebozavod station). Chlorine-
3 L0 21061996, Mis6.2 ion concentration time series for GK-1 (CI-GK1) was
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E@8:06.1993, MI=6.8 ¥ [EE—. L L | | 1

selected because it is characterized by a unidirectional long-
period trend without seasonal variations (Fig. 2) and was
Fig. 1. Schematic of the measurement area (small rectangulafalrea_dy Freated as a precursory signal due to a Qradua'
frame on the left) and epicenters of largest earthquakés>(  chlorine-ion concentration decline down to a local minimum
6, H <50km, D < 350km) from 1985 to 2009, wheraf; — from 30 to 60 days before several earthquak€satkevich
local earthquake magnitudeéf — depth, D — distance from the ~and Ryabinin 2009. On the other hand, chlorine-ion
epicenter. The large frame on the right shows a zoomed-inconcentration at GK-44 (CI-GK44) is not considered as
view of the positions of hydrogeological stations: 1 — Pinachevo,a precursory signal because it is dominated by seasonal
2 — Moroznaya, 3 — Khlebozavod, 4 — Verkhnyaya Paratunka.concentration changes on the background of a slowly varying
The solid circles denote the earthquakes reportedly preceded bjgca| mean, the minimum value of which was reached shortly
hydrogeochemical anomalies. The dashed line is the axis of th%\fter the strong earthquake on 5 December 1987 %

deep-sea trench. The earthquakes were selected using the catalt? The 71 ianal w | from the whol f
of Kamchatka Branch, Geophysical Survey of Russian Academy of ?b)_ € Z160 signal was selected from the ole set o

Sciences. geoacoustic time series because it contains the lowest level
of noise (highest signal-to-noise ratio).

To keep the statistical structure of source time series
et al, 1994 Bella et al, 1998 Biagi et al, 200Q 2006 practically intact, the signals were subjected only to minimal
Khatkevich and Ryabinin2006. In this study, we analyze preprocessing, which included the removal of single-point
the variations of chlorine-ion concentration determined by aspikes, reduction of the hydrogeochemical time series to
titrimetric method (relative error from 1 to 10%). uniform sampling intervals using linear interpolations, and

Geoacoustic emissions in the frequency range from 25 tdhe extraction of every 30th point in the geoacoustic time
1400 Hz (0.7 level) have also been recorded in the deep G-$eries to form a new time series with the frequency of
borehole of the Khlebozavod station under the supervisiori30 min~l. Then the time serie¥;(r) were divided into
of V. A. Gavrilov since August 2000. The data analyzed low-frequencyV (r) and high-frequencyr (r) components,
in this paper were obtained by a geophone with crystalwhich were used to calculate the nonstationarity factors. In
ferromagnetic sensor8¢lyakoy 2000. The output signal evaluatingC,; (J = R, F or G) for the hydrogeochemical
of such a sensor is proportional to the third derivative of series, averaging time intervals in the range from 50 to
ground displacement, and the gain slope is 60 dB per decad200 days were used. For the geoacoustic time series, the
of frequency change. The geophone was set up at a deptinterval7 was varied from 3 to 20 days. Our analysis showed
of 1035 m, which is enough to reduce anthropogenic noisghat the values ofl" equal to 600 and 20days are most
levels by more than two orders of magnitu@agrilov et al, adequate for locating precursors in the hydrogeochemical
2008. The geophone body was fixed inside the boreholeand geoacoustic series, respectively.
casing by a spring. The vertical channel sensitivity of the Figures 2 and 3 show the variations @f; for Cl-
geophone is 0.15\sn~1. The sensitivity of horizontal GK1 and GI-CK44 together with largest seismic events.
channels is 0.60\V%am~1. The sensor output signals It can be seen that spikes i@i; precede several large
are separated by third-octave band pass filters into fouearthquakes. It should be noted that the low-frequency
frequency bands with central frequencies 30, 160, 560, andomponenCg shows the most number of precursors for Cl-
1200 Hz, which is followed by real-time hardware/software GK1 and high-frequency component is most informative for
signal processing. The value of the postprocessed outputl-CK44. The first fact is in agreement with the study of

50°N
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Fig. 2. Comparison of nonstationarity factér; (7 =600 days,AT = 3 days) for the GK-1 chlorine-ion concentration time series with
seismic activity: Vs — source signalC; — nonstationarity factor foV, Cgr — nonstationarity factor for the low-frequency component of
Ve, Cr —nonstationarity factor for the high-frequency componerit@f M| — local earthquake magnitudB,— distance from the epicenter.
Solid triangles denote sampl&; spikes preceding large earthquakes. Crosses denote s@gpglakes not related to large seismic events.
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Fig. 3. Comparison of nonstationarity factét; (7 = 600 days,AT = 3 days) for the GK-44 chlorine-ion concentration time series with
seismic activity: Nomenclature as in Fig. 2. Solid triangles denote sa@plepikes preceding large earthquakes. Crosses denote sample
Cr spikes not related to large seismic events.
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Fig. 4. Nonstationarity factors for GK-1 and GK-44 chlorine-ion concentrations and Z160 G-1 geoacoustic emissions in a time frame around
the 8 October 2001 earthquak®, — local earthquake magnitud®, — distance from the epicenter. The double-headed arrows denote the
time intervals between the nonstationarity factor spikes and earthquake itself.

Khatkevich and Ryabini{200§. The second fact implies Figure 4 shows a combined analysis of hydrogeochemical
that the use of the high-frequency component eliminatedand geoacoustic variations in a time frame around the
seasonal changes from the analysis and made CI-GK48 October 2001 earthquakéf(=6.3, H = 24km, D =

a precursory signal. Therefore, the FNS nonstationarityl34 km from Petropaviovsk-Kamchatsky), which was the
factor together with the procedure for separating out high-strongest earthquake (based on local magnitude and distance
frequency and low-frequency signal components can be usetb the epicenter) recorded for the whole time interval of geoa-
to analyze different signals despite major differences in theircoustic observations in the G-1 borehole. Nonstationarity
specific features. factorsCr for CI-GK1 and Cy for CI-GK44 show spikes
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with highest values (precursors) in a time frame of 50 toBiagi, P. F., Ermini, A., Cozzi, E., Khatkevich, Y. M., and Gordeeyv,
70 days before the earthquak€s for G-1 (the signal is a E. I.. Hydrogeochemical precursors in Kamchatka (Russia)
high-frequency one by its nature) shows precursors 29 and related to the strongest earthquakes in 1988-1997, Nat. Hazards,
6 days before the event, which is in agreement with the 21,263-276, 2000. . .

results reported bavrilov et al.(2008. In other words, ~ Biadi. P. F. Castellana, L., Minafra, A., Maggipinto, G.,
anomalous changes in the geoacoustic signals happen closer1299iPinto, T., Ermini, A., Molchanov, O., Khatkevich, Y. M.,

to the earthauake than in the hvdrogeochemical ones. which and Gordeey, E. |.: Groundwater chemical anomalies connected
q ydrog ' with the Kamchatka earthquake (M=7.1) on March 1992, Nat.

implies that precursory signals of different nature may take ... 4s Earth Syst. Sci., 6, 853—888j:10.5194/nhess-6-853-
place on different timescales before a large earthquake. 2006 2006.

Cicerone, R. D., Ebel, J. E., and Britton, J.: A systematic
compilation of earthquake precursors, Tectonophysics, 476,

5 Conclusions 371-396, 2009.

Descherevsky, A. V., Lukk, A. A., Sidorin, A. Y., Vstovsky, G. V.,
The above example shows that precursory signals of different and Timashev, S. F.: Flicker-noise spectroscopy in earthquake
types may be observed in the same local seismically active Prediction research, Nat. Hazards Earth Syst. Sci., 3, 159-164,
zone at different times prior to a large earthquake; these d0i:10.5194/nhess-3-159-2002003.
may be attributed to some system preparation preceding': J» Amita, K. Ohsawa, S., Zhang, Y. Kang, C., and
the seismic event. In the case studied, the qualitative Yamada, M.: Experimental evidence on formation of imminent

. . and short-term hydrochemical precursors for earthquakes, Appl.
changes may be related to a system-wide structural medium .o hem. 25 586-592 2010.

reconfiguration in the preparatory phase of the earthquake. Fedotov, S. A., Gusev, A. A., Shumilina, L. S., and Chernyshova,
This study also shows that the FNS nonstationarity V. G.: The seismofocal zone of Kamchatka, Volkanologiya i

factor can be used as the standard criterion to detect Seismologiya, 91-107, 1985 (in Russian).

gualitative changes within relatively short time intervals in Gavrilov, V., Bogomolov, L., Morozova, Y., and Storcheus, A.:

virtually arbitrary signals, even if the signals contain strongly ~ Variations in geoacoustic emissions in a deep borehole and its

pronounced periodic components, as was the case for Cl- correlation with seismicity, Ann. Geophys.-ltaly, 51, 737-753,

CK44. 1t should be noted that the nonstationarity factor 2008. - . _

should be analyzed not only for the original signal, but Geller, R. J.: Earthquake prediction: a critical review, Geophys. J.
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